interfere with this accuracy would result in the appearance of aneuploid or polyploid cells, which may lead to cancerous transformation. Prometaphase is a key period during which the spindles capture kinetochores and a bivalent spindle is established. Once a pair of 
between the two poles. Phase 3 is anaphase B, during copy using anti-␣-tubulin antibody in exponentially growing cells showed interphase cells displaying abnorwhich the length of pole-to-pole spindles elongates. In the present study, we have addressed how phase 2 is mally elongated microtubules (approximately 20% of total cells), sometimes having an oval morphology, coordinated at the molecular level in fission yeast. We have characterized the mitotic roles of Kin I homologs around the cell end ( Figure 1A ). This type of microtubule morphology is never observed in wild-type cells. In addi-(Klp5 and Klp6) and have shown that they are required for progression through prometaphase and metaphase. tion to defects in cytoplasmic microtubules, ⌬klp5 and ⌬klp6 cells stayed in mitosis for a longer period, compared to wild-type. Six percent of wild-type cells versus Results genes under endogenous promoters. GFP tagging (and it localizes along cytoplasmic microtubules, while in mitosis it translocates to the spindle (before anaphase) any of the tags described below) did not interfere with protein function, as strains containing Klp5-GFP or Klp6-and becomes enriched in the spindle midzone (after anaphase). GFP did not show any mitotic defects or increased resistance to thiabendazole. Signals from Klp5-GFP and Klp6-GFP were essentially overlapping. In mid-mitosis, Klp5 and Klp6 Colocalize and Form a Complex in the Cell GFP staining was seen along mitotic spindles ( Figure  2A) . In order to examine Klp5 localization during the cell The nonadditive phenotype of the klp5klp6 double mutant (see Figure 1B) suggests that these two proteins cycle more precisely, confocal microscopy was used to observe microtubules and Klp5-GFP. As shown in Figure  act sequentially in a linear pathway or function together. To address this question, we first examined the colocali-2B, during interphase, Klp5 localized to cytoplasmic microtubules as discrete dots (panel 1), while at mitosis, zation between Klp5 and Klp6. As shown in Figure 3A , signals from both Klp5-GFP and Klp6-HA were largely, it localized to mitotic spindles in a punctate pattern (panels 2 and 3). Upon entry into anaphase, as spindles if not completely, overlapping and were seen in the midzone of an anaphase cell. Klp5-GFP and Klp6-3HA also elongate further, most of the protein dissociated from the spindles but was retained in their central regions colocalized throughout the whole cell cycle (data not shown). (panel 4, note that not only anaphase spindles but also medial rings [19] are evident in this cell).
12% of the mutants displayed mitotic spindles (Figure 1B
Thus, colocalization raised the possibility that these two molecules may act together as a complex. To adIn order to follow the in vivo dynamics of Klp5 and Klp6 localization on the mitotic spindle in detail, timedress this, a doubly tagged haploid strain, which contained Klp5-Myc and Klp6-HA, was constructed,and imlapse live imaging of Klp5-GFP was performed. As shown in Figure 2C , Klp5-GFP was observed along the munoprecipitation was performed. As shown in Figure  3B , Klp5-Myc and Klp6-HA were coprecipitated with mitotic spindle in a discontinuous pattern, as in fixed images (see Figure 2B ). Then, Klp5 was enriched in the anti-HA or anti-Myc antibody in a reciprocal fashion (lanes 9 and 15). However, due to the low efficiency of medial region of the spindle, the midzone ( Figure 2D ). Thus, Klp5 (and also Klp6, see below) shows dynamic the pull down (lanes 7 and 13, S stand for supernatants after immunoprecipitation), the extent of complex forlocalization during the cell cycle such that in interphase Figure 4B ). These renot form homodimers. In vertebrates, on the other hand, sults supported the notion that Klp5 and Klp6 localize it has been shown that both MCAK and KIF2 form homoto the mitotic kinetochores. dimers [11, 12] .
To substantiate mitotic kinetochore localization, ChIP (chromatin immunoprecipitation) was performed. Samples were prepared from nuc2-arrested cells at the reKlp5 and Klp6 Localize to the Kinetochore strictive temperature. ChIP was then performed using at Metaphase various primers corresponding to centromeric regions The discontinuous pattern of Klp5 and Klp6 localization
[26]. As a negative control, primers derived from the along mitotic spindles resembles that of kinetochoreassociated proteins such as the core component Mis6 noncentromeric region (fbp1 ϩ ) were also used. Klp5 was tagged with 13Myc epitopes. PCR analysis showed that Klp5 is bound to the outer repeats of the centromeres (otr, Figure 4C ). A weak signal was also detected in exponentially growing cells at 26ЊC, when only 5%-6% of the cells are in mitosis. Next, we addressed whether or not this kinetochore localization of Klp5 requires intact spindles. ChIP was repeated in the presence of a microtubule-destabilizing drug, thiabendazole (TBZ). It was found that Klp5 no longer interacted with the centromeres ( Figure 4C, ϩTBZ) . This is further supported by immunofluorescence microscopy in these TBZ-treated nuc2 mutants, in which Klp5-GFP disappeared from the kinetochores ( Figure 4D ). 
Overproduction of Klp5 and Klp6 Results in Alterations of Mitotic Spindle Morphology and Dissociation of Spindles from the Kinetochores
In order to address the consequence of constitutive overproduction of Klp5 and Klp6, strains were created in which the strong thiamine-repressible nmt1 ϩ promoter was integrated into the chromosomal klp5 ϩ or klp6 respectively). From these analyses, we conclude that the primary defect is due to an increase in some period These results indicate that overproduction of Klp5, Klp6, or both causes lethality by preventing the interaction of from prometaphase to the end of anaphase and that there is not a delay in prophase. the mitotic spindle with the kinetochore.
In klp5 and klp6 Mutants, the Duration from klp5 Mutants Do Not Pause at Metaphase
We next examined which stage is extended in klp muPrometaphase to Anaphase Is Extended Given the prolonged mitosis associated with chromotants. There are four possibilities. The first possibility is that the mutant cells pause at metaphase. The second some segregation defects, we then sought to address which step in mitosis is delayed in klp mutants. In fission possibility is that the duration of prometaphase (until the establishment of the metaphase plate) is delayed, yeast, based on spindle length, the mitotic phase is divided into three distinct stages, phase 1 (prophase), and the third possibility is that anaphase A is prolonged. Finally, the fourth possibility is a prolonged anaphase phase 2 (prometaphase to anaphase A), and phase 3 (anaphase B) [14] . In order to visualize mitotic spindle B. To differentiate between these possibilities, the following three experiments were performed. First, we obbehavior in individual cells, microtubules were stained with GFP in live cells using integrated nmt1-GFP-atb2 ϩ served kinetochore behavior in these mutants. This analysis should determine the timing of entry into anaphase (encoding ␣2 chromosome, the centromere region of chromosome I was marked with GFP in klp5 mutants using the LacOLive image analysis in ⌬klp5 showed clearly that the kinetochores (viewed as multiple dots) move back and GFP-LacI system (Cen-GFP) [14, 28] . Behavior of this centromere during phase 2 was observed simultaneforth between each pole (until 22 min in Figure 7A ; for clarity, the Mis6-GFP signals are shown in red, while the ously with Cut12-GFP. As shown in Figure 7B , mainly two Cen-GFP dots (arrows) were observed between two peripheral Cut12 dots are shown in yellow). This result indicated that klp5 mutants do not pause at metaphase; distal Cut12 spots. These images again show that the centromeres do not stay at the spindle equator and instead, either the establishment of metaphase is delayed or the duration of anaphase A is extended. It therefore confirmed that klp5 mutants do not pause at metaphase. Based on the above results, the duration of should be noted that these live images showed that, after 23 min ( Figure 7A ), when anaphase B has just phase 2 in klp mutants was measured using the data of Figures 6B and 6C . As shown in Table 1 , the average started, internal Mis6-GFP signals simultaneously disappeared. This is probably because of the capture of period in phase 2 was 13.5 min (⌬klp5) and 11.8 min (⌬klp6), more than 2-fold longer than wild-type cells.
Klp5 and Klp6 Are Required for the Establishment of Metaphase in Concert with the Timely It should be noted that, although we referred to the
Destruction of Securin prolonged phase in klp mutants as phase 2, unlike wildThe third experiment was designed to specifically distintype, spindle length was in fact often increased in a guish whether klp mutants are defective in the establishdiscontinuous manner, before the onset of phase 3; as ment of metaphase or in the duration of anaphase A. a result, spindle length in phase 2 in klp mutants was These two possibilities can be distinguished by the preslonger than in wild-type (Table 1) . ence or absence of securin, which is required for sister chromatid cohesion via the inhibition of separase [4]. If shown in Figure 8A (the left panels), Cut2-GFP signals phases, as compared to the data from previous experiDiscussion ments (performed at 25ЊC, Figures 6 and 7) . NonetheIn this study, we characterize two fission yeast Kin I less, the result clearly indicated that Klp5 (and Klp6) is required for timely destruction of securin, and, in its homologs, particularly focusing on their mitotic roles. Our data indicate that these two proteins are required absence, the mutants show delayed degradation of securin, which resulted in a delay of entry into anaphase A.
for normal mitotic progression and play a crucial role in accurate chromosome segregation and genome stability. We show that, in their absence, the transition from prometaphase to anaphase A is severely delayed. Capture or Tension Time-lapse live image analysis has pinpointed an unCut2-GFP together with Cut12-GFP as described above. We found that the kinetics of spindle behavior and degequivocal mitotic defect in klp mutants, in which the duration between prometaphase and anaphase A is speradation of Cut2 in the double mutant are indistinguishable from wild-type ( Figure 8A , the right panels). Phase cifically extended. Why does this happen? We show that mutants do not pause at metaphase. Instead, analysis 2 delay in the absence of Klp5 function was completely abolished in the simultaneous deletion of Mad2, though using Cut2-GFP shows that the onset of anaphase A, which coincides with securin destruction, is delayed. spindle length is still longer than wild-type ( Figure 8B ). This result showed that the Mad2-mediated spindle The defect is, therefore, a delay in the establishment of metaphase, resulting in a delay in the onset of anacheckpoint is responsible for the delay in the establishment of metaphase in klp mutants.
phase A. 
Conservation of Kin I Function in Mitosis
We show that klp mutants are more resistant to microtubule-depolymerizing drugs than wild-type cells. Furthermore, these mutants display long and curved cytoplasmic microtubules during interphase and elongated 
